Transient cooling process of curd in High Impact Polystyrene cups was studied for different cooling air velocities and flow direction (radial and axial). Exponential cooling curves for dimensionless temperature of curd were obtained from the experimental data. Biot number and surface heat transfer coefficient were analytically calculated from values of cooling factor and lag factor obtained from cooling curves. It was found that surface heat transfer coefficient increased, and cooling time decreased significantly during initial increase in air velocity from 0.5 m s -1 . However, this positive effect reduced at higher air velocities, greater than 4 ms -1 .The reason is that the inner heat transfer resistance of curd remains unaffected by air velocity. This is evident from the calculated values of Biot number in the range of 4 to 5. This study is helpful to the designer of cooling equipment for curd cups or containers.
Introduction
Indian curd / Dahi and Yoghurt are two similar kinds of fermented products and are considered as nutrient rich foods which contain many essential nutrients such as protein, vitamins and minerals necessary for growth. Both Dahi and Yoghurt have a similar manufacturing process. Two specific strains of bacteria Lactobacillus bulgaricus and Streptococcus thermophilus are used in making yoghurt where as a broad class of Lactic Acid Bacteria(LAB) are used in the making of dahi/ curd . Yoghurt is more homogeneous than dahi/ curd. Out of the total milk produced in India, 7% is used for curd manufacturing (Gawai & Prajapati, 2012) . Curd is widely used throughout India for direct consumption and is culinary, rather than a dish. It is an essential part of food plate commonly consumed by most of the Indians and its mention is also found in ancient Indian history. According to one of the Hiduism beliefs, Smearing shivalinga with freshly prepared curd or Yoghurt brings in calmness and seriousness in life and keeps misfortunes and bad luck at bay. Consumption of Yoghurt or dahi helps to improve the overall quality of the diet. It is daily consumed due to its therapeutic value. Bio-Yoghurt is an ideal source for the delivery of viable probiotic strains, Lactobacillus acidophilus and Bifidobacterium bifidum, which are the most common probiotics used in the dairy industry. Probiotics are reported to have the therapeutic effects such as prevention of urogenital infections, alleviation of constipation, protection against diarrhoea, prevention of infant diarrhoea, prevention of hypercholesterolemia, protection against colon/ bladder cancer, prevention of osteoporosis etc. The other beneficial effects such as maintenance of normal intestinal flora, enhancement of the immune system, reduction of the lactoseintolerance and serum cholesterol levels and enhance anticarcinogenic activity have also been reported (Markowiak & Slizewska 2017) . The Yoghurt has also been found to be effective in cytokine production, T-cell function and natural killer-cell activity resulting into an overall immunological enhancement (Weerathilake et al., 2014) .
In old times, curd was used to be prepared in homes as per the daily requirement and only raw milk was used to be purchased, if not being produced by keeping milking animals. But with modernization and urbanisation, where the trend of purchase of ready to eat food products has increased, the demand of packaged curd cups has also increased in the dairy products market. In the value addition process, curd is the first product after packaged milk and gives a handsome margin to the dairy products manufacturers at minimum production cost. To meet the local demand of good quality curd with homely flavour but prepared https://doi.org/10. 33785/IJDS.2019.v72i04.005 in hygienic conditions following the best production standards, Halwais or small dairy processors need to prepare it directly in small capacity cups by filling, inoculation, sealing, incubation and refrigeration. Refrigeration of curd cups, immediately after the ending of incubation period, is very important for preserving quality and increasing shelf life. To increase the output of same set-up of curd making and cooling equipments and also to ensure better quality, fast cooling of curd cups is recommended for which the study of cooling process conditions is very important. The optimized cooling process not only increases the shelf life but also improves the texture of the product, which has an important role in consumer acceptability. Some of the dairy products whose texture improves during proper chilling or cooling are ice cream, butter and curd. Since the constituents of milk are very good medium for the growth of the microorganisms, curd should be rapidly cooled below 5p C soon after the desired acidity has reached. It leads, otherwise to the uncontrolled growth of microorganisms, which is undesirable and causes whey syneresis, textural defects as well as flavour defects (Benezech et al., 1994; Gawai et al., 2012; Tamime & Deeth, 1980; Weerathilake et al., 2014) . Also, during the transportation from the incubation room to the cold room, the set-curd is subjected to some mechanical disturbance, which may also cause wheying off. Researchers have concluded that texture of curd/ yoghurt depends on efficacy of cooling process just after incubation. Therefore, when the desired pH (4.5-4.6) is reached, it should be blast chilled to refrigerated temperatures (< 10p C) in order to stop the fermentation process, which stops further acid development (Weerathilake et al., 2014) . However, in the conventional cooling methods, it is simply stored in the cold storage with other products, where it may take longer time depending on the size, shape and position of the container which generally remains unnoticed.
Considering the above factors, it is necessary to design an efficient and effective refrigeration system dedicated to cooling of curd cups. For that, the determination of cooling process parameters including the lag factor, cooling coefficient, half cooling time, seven-eight cooling time, and surface heat transfer coefficient is necessary. These parameters, in turn, depend upon factors such as thermal properties namely thermal conductivity, thermal diffusivity, specific heat of the material to be cooled, size and shape of the container, temperature and velocity of the air. One of the most significant factors which affect the heat transfer coefficient is the cooling air velocity (Becker & Fricke, 2004) .
A small number of studies have been performed to estimate the transient heat transfer characteristics of food products, which too mainly include fruits and vegetables (Becker & Fricke, 2004; Dincer, 1992; Dincer, 1993; Dincer & Akaryildiz, 1993; Dincer, 1994a; Dincer, 1994b; Dincer & Genceli, 1994; Dincer, 1995a; Dincer, 1995b; Dincer, 1995c; Dincer, 1995d; Dincer, 1995e; Dincer, 1995f) . Very few studies have been reported regarding the thermal behaviour of stirred yoghurt in plate heat exchanger (Alfonso et al., 2003; Fernandes, et al., 2006) . But no study was found regarding cooling of curd in packaged containers. However, as curd is a popular product after packaged toned milk in India and is usually prepared in High Impact Polystyrene (HIPS) cups of 200 ml capacity and then cooled and sold in the market by small scale manufacturers, this study is targeted to cooling process of these cups containing set curd. The purpose of the present study is to determine the cooling process parameters including surface heat transfer characteristics of individual curd cups at different air velocities and at two different directions of air flow namely axial and radial, for the cost-effective design of a dedicated cooling equipment for curd. This kind of dedicated cooling cabinet should be of utmost utility to the small scale curd producers/ local vendors or Halwais. Fast cooling in an optimized way will not only enhance the product quality but, will also decrease the overall production time. This would result in increased productivity and profit margin for the stakeholders. x 2m x 2m, where the temperature was maintained at -4p C. A variable speed controller unit was connected with fan motor to obtain different air velocities. The flow velocity of air inside the duct was measured using a digital air flow anemometer (model 961P manufactured by M/s Meco Instruments Pvt. Ltd., Navi Mumbai, India). A PT100 sensor manufactured by M/s Countronics, New Delhi with an accuracy of ±0.1p C was embedded at the centre of the curd cup up to a depth of 37.5 mm. One other was kept at same depth in curd but adjacent and in touch to the inside surface of cup wall. Two other sensors were kept in air just ahead and behind of cup to sense the inflow and outflow temperatures of cooling air respectively. All these four temperature sensors were connected to a multi-channel universal scanner/ logger model CT708U manufactured by M/s Countronics, New Delhi, India to scan the temperature data at regular time intervals of 5 minutes. The pH value during the process was measured using a digital pH meter fitted with Sensorex S200C pH sensor manufactured by M/s Sensorex Inc., Garden Grove, CA 92841, USA having an accuracy of 0.5% ± 1 digit.
Experimental procedure
Curd was prepared from toned milk (3% fat and 8.5% SNF), heated to 90p C for 15 minutes, cooled to 44p C, inoculated with 0.01% thermophilic DVS (Direct Vat Set) culture, filled in cup and kept for incubation at 44p C until the pH value reached 4.5. Immediately after the incubation period was over, curd-cup was transferred to the air-duct prepared for conducting the cooling trials.
The experimental trials were conducted for forced air cooling of single curd cup exposed to different air velocities and two different directions of air flow. In each trial, one single cup of curd, soon after incubation, was kept for cooling until the product temperature at the centre of the cup reached below 5p C. This procedure was repeated 3 times for each of the air flow velocities 0.5, 1.5, 2.5, 3.5 and 5 ms -1 , keeping the air flow direction radial to the curd cup. In case of 5 ms -1 velocity of cooling air, the trials were also conducted in axial direction of air flow with respect to curd cup. The same procedure was followed for each of the trials. The entire temperature data was recorded directly in MS-Excel software by the temperature scanner.
Analysis of experimental data (Transient Temperature Measurement Method)
Transient temperature measurement method was used in this study to determine the cooling parameters and heat transfer coefficient for cooling of curd cup at different air velocities in radial and axial flow directions. The data of the product temperature at the centre of the cup, with respect to the time, collected in the experimental trials was used for the purpose.
During blast cooling or freezing of foods, Biot number (Bi) is in the range of 0.2 to 20 (Becker &Fricke, 2004) . Bi number is the ratio of conductive resistance to convective resistance and is mathematically represented as follows:
(1)
A large value of Biot number (>0.1) is due to a finite value of thermal conductivity of product, which means a temperature gradient exists within the product. In such kind of food products, cooling curve can be used to determine the surface heat transfer coefficient. Cooling curve is a semi-logarithmic graph between dimensionless temperature at the centre of cup and time. The negative slope of the cooling curve gives cooling coefficient, which indicates the cooling capability of a food product (Dincer 1997) . The intercept of the graph gives the lag factor. It measures the lag between onset of cooling and an exponential decrease in the temperature (Fricke & Becker, 2002) .
The following assumptions were considered in the analysis.
(1) The thermo-physical properties of curd and cooling medium are constant.
(2) Internal heat generation and moisture loss from the product is negligible
(3) Curd is isotropic and homogenous.
(4) Curd cup is assumed to be a finite cylinder.
(5) Only convective heat transfer occurs between the cup surface and cooling medium. Radiation effect is neglected.
Bi = h l K
The associated cooling parameters of curd cup were analytically calculated from the experimental data of transient cooling following the procedure discussed below:
The observed central temperature of curd cup was nondimensionalized using following equation.
(2)
The regression analysis was carried out for dimensionless temperature data in the exponential form (Dincer&Genceli, 1994) . From the regression analysis, cooling coefficient, 'C' and lag factor, 'j' were determined and then half cooling time and seveneighth cooling time were calculated from the equations given below:
(4)
The governing one-dimensional heat conduction equation in cylindrical coordinates in terms of temperature difference is as follows (6) Carslawand Jaeger(1980)developed an infinite series solution for the equation (6) to determine heat transfer coefficient from experimentally obtained cooling curve.
Where for infinite cylinder (8) for infinite slab (9) (10)
For centre position, and hence = 1
Fourier number is defined as (12) Assuming after an initial lag, the second and the higher series terms can be neglected. This results in:
(13)
For a finite cylinder, the solution to the equation (6) is given in the form of the product of the solutions for an infinite cylinder and an infinite slab (Dincer, 1997) by assuming that an infinite cylinder and an infinite slab of same thickness and radius intersect each other perpendicularly.
(15) Comparing the equations (3) and (13) (16) Fourier number was determined at time. Biot number was determined by the following equation (Fricke & Becker, 2002 ).
=
(17) Surface heat transfer coefficient was then determined using Biot number as defined in equation (1).
Thermal properties
Thermal properties highly depend on the moisture content of the food product. The thermal conductivity of curd was determined from the equation below as suggested by Dincer (1993) . (18) The specific heat of yoghurt was determined from a regression equation developed by Kim &Bhowmik (1997) .
(19)
Thermal diffusivity was determined from the following equation,
Results and Discussion
The dimensionless temperature data of curd-cup during transient cooling at different velocities and directions of cooling air as obtained from the experimental trials and also the cooling curves obtained through regression analysis are presented (Fig.1) . The transient cooling curves obtained were found to be exponential with high values of regression coefficient (R 2 ) in the range of 0.994 to 0.987 in all the trials. The results of various cooling parameters of curd cup calculated through the analysis of
B n C n A n = 2Bi μ n 2 + Bi 2 + (μ n )j 0 A n = 2 sin μ n μ n + sin μ n cos μ n B n = e −μ n 2 Fo C n = cos μ n ∀ Tables 1 and2. The lag factor, 'j' greater than one in all the trials,indicated that the internal conduction resistance to heat transfer existed within the product. This is also evident from the values of Biot Number, which were found to be in the range of 4.23 to 5.28. The effects of cooling air velocity and flow direction on the transient cooling parameters have clearly been evident (Fig.2 to Fig.4) .
The plot (Fig.2) shows that the cooling coefficient increases with increase in air velocity. It simply means faster cooling due to the improvement in surface heat transfer coefficient at higher air velocities. Likewise, the half cooling time 'Z' and seven-eighth cooling time 'S' decrease at increased air velocities as shown (Fig.3) . However, this improvement is substantial initially with the reduction of 22% in seven-eighth cooling time on increasing Table 1Cooling process parameters of curd cup at varied air velocities in the radial direction of air velocity from 0.5 m s -1 to 1.5 m s -1 but comparatively very less with reduction of only 8% in cooling time on an increase in air velocity from 3.5 m s -1 to 5.0 m s -1 . It means the air velocity has only partial role in cooling in terms of decreasing the surface heat transfer resistance only while the inner heat transfer resistance, dependent on cup size and properties of curd remains same at varied air velocity. Thus, the cooling time could be reduced by increasing the air velocity up to a limit only and in a constrained way as the inner resistance to heat transfer of curd cup is not reducing at increased air velocity. On the other hand, when radial and axial positions of fan at air velocity of 5m s -1 were compared in terms of cooling data (Table 2) , it was found that the axial air flow gave lower cooling coefficient and took more time to cool the curd compared to radial air flow direction. The increase of 15% in seven-eighth cooling time was noticed in case of axial direction compared to radial flow direction at the same air velocity of 5 m s -1 .
The plot (Fig. 4) shows the calculated values of surface heat transfer coefficient 'h' at varied values of air flow velocity in radial direction to the cup. It shows the same trend as a high rise of 12% at first step of increasing of air velocity from 0.5 m s -1 to 1.5 m s -1 and only 4% approximately in the last step of increasing of air velocity from 3.5 m s -1 to 5.0 m s -1 .The higher values of 'h' at increased air velocities are naturally justified by theory also. However, the important outcome here is that there is not much benefit of using too high velocities where proportionate gains were not obtained. The reason is that the higher air velocity affects the surface heat transfer resistance only, but the internal conduction heat transfer resistance of the product remains unaffected. Minimization of this resistance however can be thought off through reducing characteristic length (volume to surface ratio) by altering the shape of cup. Hence, the increase in capacity of air fans must be economically justified by saving in production cost with reduction in cooling time. Regarding the effect of flow direction of cooling air on the value of 'h' as shown in Table2, it was found to be 5-6% lower in axial air flow compared to radial air flow at the same velocity of 5 m s -1 . Thus, the radial flow direction is better and should be taken care of in the design of cooling equipment for curd. The results also indicate that the present model can determine the heat transfer coefficients for individual curd cup in a simple and accurate way and is very helpful in designing of cooling equipment. Dincer and Genceli(1994) showed that the half cooling times and seven-eighth cooling times increased at constant flow velocity with increasing batch weight of cucumber in water cooling and decreased with increasing the flow velocity in air cooling. They also showed that the heat transfer coefficients decreased by 47.7% at constant batch weight (5 kg) with an increase in the batch weight in water cooling and increased by 46.2% with an increase in the flow velocity in air cooling. In the present study, the heat transfer coefficient improves 12% by increasing the airvelocity three times while it improves only 24.8% by increasing the air-velocity ten times. Thus, too high velocity of air may not be economical while designing of cooling equipment for dahi cups.
Conclusions
Based on experimental data of temperature of curd during transient cooling by cold air at -4°C, flowing at varied velocities and in two different directions with respect to curd cup, the exponential cooling curves were obtained. The values of lag factor and cooling coefficient were determined from these curves and thereafter the values of other cooling parameters like cooling time, cooling coefficient, Biot number and surface heat transfer coefficient were calculated. The values of these heat transfer parameters were found to be dependent more upon the velocity and less on the flow direction of cooling air. It is better to increase the air velocity to decrease the cooling process time by improvement in surface heat transfer coefficient. But this benefit is limited to air velocity of approximately 4ms -1 as the inner heat transfer resistance remains unchanged and dilutes the effect of reduction in surface resistance at further higher velocities on the overall heat transfer resistance. Thermo-economic optimization should be carried out between the increase in equipment and operational cost and decrease in process time at higher air velocities. Too high velocities should not be preferred. Another outcome of this work is that radial flow distribution is better compared to axial flow of cooling air. . This study would be very useful to the designer of a dedicated cooling equipment/ cabinet for curd cups installed at the end of production line and useful to small scale curd producers/ vendors. 
